Vibrio cholerae is a Gram-negative bacillus that is the causative agent of cholera. Pathogenesis in vivo occurs through a series of spatiotemporally controlled events under the control of a gene cascade termed the ToxR regulon. Major genes in the ToxR regulon include the master regulators toxRS and tcpPH, the downstream regulator toxT, and virulence factors, the ctxAB and tcpA operons. Our current understanding of the dynamics of virulence gene expression is limited to microarray analyses of expression at selected time points. To better understand this process, we utilized a systems biology approach to examine the temporal regulation of gene expression in El Tor V. cholerae grown under virulence-inducing conditions in vitro (AKI medium), using high-resolution time series genomic profiling. Results showed that overall gene expression in AKI medium mimics that of in vivo studies but with less clear temporal separation between upstream regulators and downstream targets. Expression of toxRS was unaffected by growth under virulence-inducing conditions, but expression of toxT was activated shortly after switching from stationary to aerating conditions. The tcpA operon was also activated early during mid-exponential-phase growth, while the ctxAB operon was turned on later, after the rise in toxT expression. Expression of ctxAB continued to rise despite an eventual decrease in toxT. Cluster analysis of gene expression highlighted 15 hypothetical genes and six genes related to environmental information processing that represent potential new members of the ToxR regulon. This study applies systems biology tools to analysis of gene expression of V. cholerae in vitro and provides an important comparator for future studies done in vivo.
Vibrio cholerae is a Gram-negative, motile bacillus that is the pathogenic agent of the diarrheal disease cholera. The WHO estimates that there are 5 million cases of cholera worldwide a year, with more than 100,000 deaths (22) . Infection occurs when bacteria pass from the external environment into humans through fecal-oral transmission (19) . Once inside the body, V. cholerae causes a severe, secretory diarrhea that can lead to death through dehydration. There are over 200 serogroups of V. cholerae that are distinguished by the O antigen of the lipopolysaccharide. The only serogroups that are known to cause epidemic or pandemic cholera are serogroups O1 and O139. The O1 serogroup can be further broken down into the classical and El Tor biotypes, with the latter representing the dominant strain of the ongoing global pandemic. Both biotypes can be further subdivided into the Ogawa and Inaba serotypes.
Organisms that survive passage through the acidic stomach enter the small intestine, where they produce cholera toxin (CT), a prototypical A 1 B 5 subunit ADP-ribosylating enterotoxin. The B pentamer of the exotoxin binds to the ganglioside GM 1 on the surfaces of absorptive intestinal epithelial cells and translocates the A subunit into the host cytoplasm. The enzymatically active A subunit activates adenylate cyclase through ADP-ribosylation of its G protein, resulting in an increase in cyclic AMP levels and subsequent efflux of chloride ions into the intestinal lumen. The resulting osmotic shift in the lumen results in poor water absorption and copious, watery diarrhea (14) . The other essential virulence factor of V. cholerae is the toxin-coregulated pilus (TCP), a type IV pilus that (i) facilitates colonization of the gastrointestinal tract by mediating bacterial-bacterial interactions to protect them from the shear stresses of the intestine (20, 28) and (ii) serves as the receptor for the bacteriophage encoding the cholera toxin genes (41) .
The genes for cholera toxin are encoded in the filamentous bacteriophage CTX⌽, which enters bacterial cells by binding to TCP and then integrating into the bacterial chromosome and converting a nontoxigenic strain into a toxigenic strain (41) . TCP is assembled by a set of genes located within the tcpA operon on a 40-kb pathogenicity island that also contains other virulence genes that are jointly regulated (23) . Both the ctxAB and tcpA operons are activated primarily by the ToxT transcription factor, a member of the AraC protein family (16) . ToxT also positively regulates expression of accessory colonization factor (acf) genes, the gene for aldehyde dehydrogenase (aldA), and ToxR-activated gene A (tagA) (29) . Expression of toxT is itself positively regulated by two sets of dimeric transcription factors, ToxRS and TcpPH. ToxR is a transmembrane protein with a cytoplasmic DNA binding domain (35) whose activity is greatly enhanced by the presence of another transmembrane protein, ToxS. TcpP is a homologue of ToxR and is similarly localized to the membrane, with a DNA binding cytoplasmic domain; a second protein, TcpH, enhances the stability of TcpP (3) . Both ToxR and TcpP bind the toxT promoter; however, it appears that TcpP is more directly responsible for the transcription of toxT, with ToxR playing a more indirect role (25) . ToxR is known to regulate at least 17 genes besides toxT, including the outer membrane porin genes ompU and ompT (8) . ToxR has also been shown to directly stimulate ctxAB expression, independently of ToxT (7) . These ToxR-regulated virulence genes are collectively called the ToxR regulon, after the first discovered master regulator (35) .
The sequencing of the genome of the V. cholerae O1 El Tor strain N16961 in 2000 opened the door to using high-throughput technologies to analyze this bacterium (15) . The major advantage of these approaches is that they give researchers the opportunity to examine the effects of genetic and/or environmental perturbations on the expression of thousands of genes or proteins simultaneously without observation bias. DNA microarrays have been used to identify members of the rpoH regulon required for the V. cholerae heat shock response (39) . Other work has elucidated the changes in the transcriptional profile of V. cholerae from early to late infection directly in humans (27) . Two recent studies used analysis of the in vivo transcriptome of V. cholerae to highlight the existence of an "escape" response to help the bacteria detach from the intestinal epithelial surface and express a "preenvironmental" response to help prepare the organism for exit from the host into the marine environment (34, 38) .
Studies using animal and human models have highlighted the temporal nature of virulence gene expression in V. cholerae (28) ; however, studies of global gene expression in vivo are impractical due to the technical difficulties of creating and resolving reporter gene constructs for all 3,890 open reading frames (ORFs) of the V. cholerae genome. Furthermore, genome profiling studies of humans are able to capture the V. cholerae transcriptome in early and late infection, using vomit and stool samples of infected patients for these phases (27) , but miss gene expression in the small intestine, the site of active colonization.
To overcome these difficulties, we utilized a systems biology approach to assay gene expression at multiple time points during the growth of V. cholerae under virulence-inducing conditions to allow for high temporal resolution of the entire genome in parallel as virulence gene expression occurs over time. Previous studies have shown that El Tor V. cholerae strains grown in bicarbonate (1, 17) or in bicarbonate-containing AKI medium (18) activate virulence gene expression in vitro; we utilized growth in AKI medium in this study for analysis of gene expression at multiple time points. We assessed when the major ToxR regulon genes were expressed in relation to one another and then used the expression profiles of known virulence genes to identify additional genes regulated in parallel that might play a yet-unidentified role in pathogenesis. These potential virulence genes may enhance our understanding of the infectious process.
MATERIALS AND METHODS
Media and bacterial growth. V. cholerae strain N16961 was streaked on LB agar containing streptomycin (100 g/ml). After overnight incubation, a single colony was inoculated into 25 ml of LB broth with streptomycin (100 g/ml) and grown overnight. A 10-ml inoculum of the overnight culture was then transferred to 1 liter of either AKI medium (1.5% Bacto peptone, 0.4% yeast extract, 0.5% NaCl, 0.3% NaHCO 3 ) to induce cholera virulence gene expression or LB medium, both of which were preheated to 37°C to minimize the cold shock transcriptional response. Cultures in AKI medium were grown initially under stationary microaerophilic conditions at 37°C with a flask-to-medium volume ratio of 1:1. Once cultures reached mid-log phase (optical density at 600 nm [OD 600 ] of ϳ0.300), the culture was switched to aerobic growth conditions, with a flaskto-medium volume ratio of 2:1 and shaking at 220 rpm (18) . LB medium cultures were incubated aerobically with a flask-to-medium volume ratio of 2:1 and shaking at 220 rpm at 37°C for the entire growth curve. OD 600 measurements of growth in AKI medium were done in triplicate, while the LB medium growth curve was done once.
Measurement of cholera toxin production. Detection of cholera toxin was done to confirm activation of the virulence cascade as previously described (5) . One-milliliter samples of culture supernatants were taken from each time point and centrifuged at 3,000 ϫ g for 5 min to remove bacterial cells and debris. Purified supernatants were then serially diluted 2-fold on enzyme-linked immunosorbent assay (ELISA) plates coated with GM 1 -ganglioside. Goat anti-cholera toxin subunit B (List Biological Laboratories) was used as the primary antibody, with rabbit anti-goat conjugated to horseradish peroxidase used as the secondary antibody and hydrogen peroxide as the detecting reagent. The cholera toxin B subunit at 1 mg/ml was used to generate the standard curve.
Isolation of bacterial RNA for transcriptional analysis. Thirteen time points were taken every 25 min starting at 1 h and continuing until 6 h after the beginning of growth in either LB or AKI medium. A solution of 50% ethanol-50% acetone (chilled to Ϫ20°C) plus rifampin (200 g/ml; Sigma-Aldrich) was added 1:1 to an aliquot of the growth medium at each time point to halt transcription and preserve RNA (37) . Samples were immediately stored at Ϫ80°C overnight. The volume of sample used for transcriptional analysis varied inversely with the OD 600 of the culture aliquot, with lower optical densities requiring larger volumes of sample to generate enough signal for subsequent microarray hybridization (OD 600 of 0.000 to 0.060, 100-ml aliquot; OD 600 of 0.061 to 0.100, 50-ml aliquot; OD 600 of 0.101 to 0.250, 25-ml aliquot; OD 600 of Ͼ0.250, 10-ml aliquot). Culture aliquots were thawed at room temperature and spun at 3,000 rpm at 4°C for 10 min to pellet cells. The supernatant was removed, and the cells were resuspended in 1 ml of lysis buffer. The RNeasy minicolumn kit was used for mRNA purification and on-the-column DNase treatment according to the manufacturer's specifications (Qiagen). The concentration of RNA in samples was quantitated using spectrophotometry, and the RNA was visualized on a 1% agarose gel to confirm RNA integrity.
Microarray hybridization. The V. cholerae microarray (J. Craig Venter Institute, http://www.jcvi.org) contains all 3,890 annotated ORFs of V. cholerae El Tor strain N16961. Seventy-base-pair oligomers from the ORF of each gene are spotted on each slide in triplicate. mRNA from time points following growth in AKI and LB media was purified, labeled, hybridized, and quantitated as previously described (4, 10) . Genomic DNA from V. cholerae O1 El Tor strain N16961 was isolated using the Easy-DNA kit (Invitrogen) according to the manufacturer's specifications and was used as a universal internal control to normalize the quality of the array and to allow for comparison between time points and conditions.
Microarray data analysis. Microarray slides were scanned and spot intensities quantitated using the ScanArray Express (PerkinElmer; version 4.0) software. All spots were checked manually for artifacts. Data were analyzed using the software package Limma, within the "R" computing environment (40) . Limma is part of the Bioconductor project (http://bioconductor.org [13] ) and has been validated across a range of microarray data sets. Data normalization within and between arrays was performed using standard techniques (42) , and log fold changes in expression of each gene were estimated using linear modeling. Fold changes were first calculated for LB medium and AKI medium separately. The final expression profile represents the expression of each gene in AKI medium at each time point after subtracting expression of that gene at that time point in LB medium, with expression given relative to that at the 1-h time point. We did the expression profiling in AKI medium in triplicate at each time point and then averaged those results before subtracting the results for growth in LB medium. For genes that had little change in expression in LB medium, this had little effect on the profile other than to average the fold changes among the AKI medium replicates.
Clustering analysis of gene expression. For the clustering analysis, we used the cluster analysis of gene expression dynamics (CAGED) algorithm, a Bayesian clustering method that is ideally suited for time series microarray data (36) . The algorithm models the time series profile of each gene using a polynomial or autoregressive model and then iteratively merges the time series into clusters of genes with similar expression patterns based on a user-defined similarity measure and the overall posterior probability of the model. The algorithm stops when remaining mergers no longer increase the model's posterior probability. Theo- VOL. 192, 2010 MODELING VIBRIO CHOLERAE GENE EXPRESSION 4301
on December 31, 2017 by guest http://jb.asm.org/ retically, each cluster represents a separate biologic process, generating a unique time series profile. For this analysis, we used fourth-order polynomial equations and Euclidean distance as our model parameter and similarity measure, respectively. Both the prior precision (the sample size of imaginary observations that builds the prior distribution) and the Bayes factor threshold (the minimum value that must be met for two series to be merged) were set to the default value of 1.
RESULTS
V. cholerae produces significant amounts of cholera toxin under inducing conditions. El Tor V. cholerae strains grown in vitro produce toxin under AKI medium conditions (18) . We utilized this property, as well as the inability of V. cholerae to produce toxin in standard LB medium, to evaluate the impact of toxin-inducing and noninducing conditions on gene expression. Figure 1 compares the growth curves of V. cholerae El Tor strain N16961 grown in AKI medium and LB medium, superimposed with levels of toxin production over time. V. cholerae grew more rapidly and reached a higher steady-state cell density in LB medium than in AKI medium. Expression of cholera toxin was seen specifically under AKI medium conditions, as expected. Bacteria were already in the exponential phase of growth by 1 h postinoculation in both media and reached stationary phase by 3 h in LB and 4 h in AKI medium. The delayed growth in AKI medium likely reflects the more limited nutrients than in LB medium and the growth initially under microaerophilic conditions. Cholera toxin was detectable in the supernatants of cultures grown in AKI medium shortly after the cultures were switched to aerating conditions at ca. 2.5 hours and increased linearly through the 6-h time point.
V. cholerae virulence genes are upregulated in AKI medium versus in LB medium. In order to investigate the effect of growth under AKI medium conditions on V. cholerae global gene expression, we compared the dynamic transcriptomes of V. cholerae grown in LB and AKI media at multiple time points during the exponential and stationary phases of growth. ctxA had the highest peak fold change of all genes and also exhibited large fluctuations in expression over a range of 7 log 2 at the various time points. There was the suggestion of periodicity in ctxA expression, but the three AKI medium replicates had differing amplitudes and frequencies of these periodic swings (Fig. 2) . The time series expression profile of ctxB followed the general trend of ctxA's but lacked the periodicity and large fluctuations. Expression of both genes in LB medium remained near baseline over the entire growth curve. The full data sets of expression of all genes are available as supplementary material via the Gene Expression Omnibus website (http://www.ncbi .nlm.nih.gov/geo/).
Major virulence genes and regulators display differing levels of gene expression over time. Of the genes known to be involved in regulation of virulence gene expression in V. cholerae (toxRS, tcpPH, and toxT), there was a brief spike in tcpP expression at 1 h 50 min, followed by significant upregulation of toxT during growth under AKI medium conditions (Fig. 3) , suggesting that growth under AKI medium conditions upregulates toxT independently of expression of ToxRS. All of these genes (toxRS, tcpPH, and toxT) remained at baseline during growth in LB medium throughout the time course (data not shown).
The genes of the tcpA operon were also expressed at significantly higher levels in AKI medium. In contrast to what occurred with ctxAB, whose expression did not increase until after the expression of toxT spiked at 2 h 40 min, the time course profiles of the tcpA operon increased simultaneously with the increase in toxT. Nearly all tcpA operon members increased in expression from 1 h 25 min until 2 h 40 min and then transiently decreased shortly after the point at which the cultures were switched to aerating conditions; they increased again at 3 h 30 min (Fig. 3) . There was considerable variation in expression between the operon members within a replicate, with less interreplicate variation. tcpA showed a negative fold change earlier in the time series in all AKI medium replicates, but then expression tended upward during the stationary phase of growth. Expression of the tcpA operon in LB medium was generally close to baseline throughout, except with tcpE and tcpB, which were expressed at levels 0.5-to 1.7-log 2 -fold above FIG. 1. V. cholerae O1 El Tor N16961 growth curves and toxin production in LB and AKI media. Average AKI medium and LB medium growth curves and toxin production are shown. Toxin concentrations in ng/ml/OD 600 appear on the left y axis. The OD 600 log scale for growth curves appears on the right y axis. The arrow represents the time at which AKI medium cultures were switched to shaking (aerobic) growth conditions. LB medium cultures were grown aerobically throughout the growth curve.
baseline throughout, and tcpR, whose expression remained below Ϫ1.2 log 2 after 3 h 30 min (data not shown).
We examined genes for similarities in their time series profiles during growth under toxin-inducing conditions. The overall shape of the toxT profile was quite similar to the shapes of profiles of its downstream targets ctxA, tcpB, tcpC, tcpE, tcpQ, tcpR, tcpS, and tcpT, at least to 4 h 20 min. The time expression profile of toxT was less similar to those of other downstream targets, ctxB, tcpA, tcpD, tcpF, and tcpJ, although the reason for the difference from other members of the same ctxAB and tcpA operons is unknown (data not shown).
Expression profiles of the accessory colonization factors (acfABCD) increased early in the time course, peaked at 3 h 30 min, and then gradually decreased as bacteria entered stationary phase. Expression of the gene for the Ccm2-related protein (VCA1042), as well as of acfD and tagD, oscillated in phase with toxT between 2 h 40 min and 4 h 20 min, before expression decreased to baseline by 6 h. Expression of tagD was negatively regulated initially, reaching a minimum of Ϫ2.2 log 2 below baseline at 3 h 5 min before rebounding and remaining near 1.0 log 2 above baseline by the end of growth (Fig. 3) . None of these genes were upregulated in LB medium (data not shown).
Potential new members of the V. cholerae virulence regulon identified through cluster analysis. We used the CAGED algorithm on our time series data as an unsupervised method of identifying potential new members of the virulence regulon. The analysis was limited to the 127 genes that exhibited more than Ϯ2-log 2 -fold changes in AKI medium at any point in the time series and that also did not have a similar fold change during growth in LB medium. Presumably, these are the genes that are most closely associated with toxin production and other virulence attributes. This assumption is supported by the fact that this subset contains 10 of the 13 genes identified through transcriptome analysis to be downregulated in a toxT mutant (2) and also contains the cholera toxin operon, toxT itself, and the acf operon.
Using the model parameters described in Materials and Methods, the CAGED analysis generated five distinct clusters, labeled A to E, suggesting five different biologic processes associated with pathogenesis. Cluster A contains 41 genes, cluster B 32 genes, cluster C 6 genes, cluster D 5 genes, and cluster E 41 genes. All known virulence genes except for ctxA grouped into clusters A to C. The series profile shown in Fig.  4A represents the average levels of expression of the genes over time and provides a visual representation of the expression pattern of each cluster. The series profile for clusters A and B have similar patterns, peaking late in the growth curve, with cluster B genes expressed at a higher average value. Cluster C expression peaked earlier and genes were expressed to a greater degree than with cluster A and B genes, reaching 3.0 log 2 above baseline between 2 h 40 min and 3 h 30 min. Cluster D was negatively regulated, oscillating between Ϫ1.4 and 0 log 2 until 5 h 10 min, when expression rose ϳ2-log 2 -fold in 25 min to 1.6 log 2 . The expression of cluster E tended downward and reached a plateau around Ϫ1.4 log 2 below baseline from 2 h 40 min until 6 h. ctxA and locus VCA0435 did not cluster with any other genes due to their very large positive and negative fold changes, respectively (Fig. 4B) .
Gene clusters were further divided into functional categories: virulence genes, transcription/translation genes, metabolism genes, miscellaneous genes, and unknown genes ( Table 1) . Cluster A, which contained toxT, tcpE, acfB, acfD, tagD, and tagE, also included 11 hypothetical genes of unknown function. Cluster B contained tcpC, tcpQ, tcpR, ctxB, and acfC, along with four hypothetical genes, and cluster C contained tcpD, tcpJ, tcpS, tcpT, and acfA. Other genes of interest in clusters A to C included three ATP-binding cassette active-transport genes (VC1092, VC1882, VCA0759), an ion transporter (VCA1093), and two signal transduction genes (VC0200, VCA0232). A subunit of SecY (VC2576), a member of the protein complex involved in cholera toxin secretion, was included in cluster A. A large number of housekeeping genes associated with transcription/translation and cellular metabolism also showed a time course of expression identical to that of genes specific to virulence.
The negatively regulated clusters D and E contained 2 and 17 hypothetical genes, respectively. Among the other genes belonging to these groups were the oxygen sensor fexA (VC2368), an anaerobic C 4 -dicarboxylate transporter (VCA0205), the phage protein RstB1 (VC1453), a factor-forinversion stimulation protein (VC0290), a heat shock gene (VC1663), and the flagellar assembly protein MinD (VC2067).
DISCUSSION
Previous studies of V. cholerae virulence gene regulation have focused on a limited number of individual genes or time points, comparison of expression levels between two conditions or strains, or expression in two different samples from humans (4, 27, 28) . This work represents the first attempt to utilize systems biology tools to study expression at the whole-genome level, with high temporal resolution, during growth of the organism in vitro under virulence-inducing conditions. We show that virulence genes of El Tor V. cholerae O1 are expressed at much higher levels under toxin-inducing conditions than in standard medium. We found that tcpP and toxT were expressed early during mid-log-phase growth in AKI medium despite no increase in toxRS expression at that point. The fact that we saw only a brief spike in tcpP expression may reflect the very short half-life of the tcpPH transcript (ca. 2 min), shown previously (33) . Members of the tcpA operon were also upregulated early, while ctxAB was expressed after the increase in expression of toxT and shortly after the switch to shaking conditions. Once initiated, however, ctxAB expression continued to increase independently of toxT levels. Using our time series clustering method, we distilled gene expression profiles into five distinct clusters containing known virulence genes and identified 15 hypothetical genes positively associated with virulence gene expression that are potential new members of the ToxR regulon and represent future targets of study. The temporal nature of virulence gene expression in V. cholerae is of critical importance in understanding disease pathogenesis. Lee et al. showed in a murine model that expression of tcpA increased early as the bacteria began microcolonization of the upper intestine, while expression of ctxAB occurred later, after bacteria had attached to intestinal epithelial cells. They hypothesized that tcpA is induced before ctxAB to ensure that only bacteria that are adherent to cells secrete toxin, thereby increasing the efficiency of intoxication (28). Merrell et al. and Schild et al. described the activation of hyperinfectious and preenvironmental genetic programs late in infection, as the bacteria prepare to exit the intestine and reenter the external environment (31, 38) . These results point to a highly evolved sequence of adaptive responses in V. cholerae as the organism colonizes the intestine, causes infection, and then escapes back into the environment to repeat the process again. Although growth in AKI medium cannot mimic the full complexity of the spatiotemporal interactions between host and pathogen, we present evidence that the major ToxR regulon members show temporal variations during in vitro growth in AKI medium similar to those that occur during intestinal colonization. Activation of the tcpA operon occurred during the exponential growth phase, while expression of cholera toxin genes increased later (Fig. 3) . This suggests that although ToxT is responsible for tcpA and ctxAB operon expression, its ability to act on their respective promoters in vitro is dependent on different factors. The tcpA operon appears to be more responsive to cell density signals, perhaps relayed via quorum-sensing molecules, whereas the ctxAB operon may be triggered by different environmental conditions. The temporally distinct expression of the tcpA operon early and ctxAB later is analogous to the in vivo hypothesis put forth by Lee et al. (28) but in response to different signals.
Growth in AKI medium did not appear to influence toxRS expression, and there was only a brief spike of tcpP expression seen at 1 h 50 min. The low levels of tcpPH expression contrast with prior work by Murley et al. and Kovacikova and Skorupski, who showed upregulation of tcpPH in El Tor strains in AKI medium at the end of static phase and after overnight growth, respectively (24, 33) . If we reexamine our data without normalizing to LB medium or to time at 1 h, we can reconcile these results, since tcpPH transcript levels were found to tend upward at the end of 6 h of growth (data not shown). Also, the tcpPH message has a very short half-life (33) , and results seen previously with promoter fusions may give results quite different from gene microarray results, as demonstrated here to detect the presence of specific mRNA at individual time points. The constitutive level of toxR expression in both media is consistent with prior research by Medrano et al., who demonstrated that ToxR appears early during static growth in AKI medium and is present constitutively thereafter (30) . Our results suggest that higher levels of toxT expression in AKI medium occur at a time when the proximal regulators, ToxRS, are not upregulated. Activation of toxT expression at this point could be the result of an unknown positive regulator or of specific environmental signals during growth in AKI medium.
The cholera toxin operon responds in phase to toxT expression starting at 2 h 40 min but, interestingly, continues to increase in expression even as toxT expression declines. This behavior suggests that ToxT is required for the initiation of cholera toxin gene expression but perhaps not for its continued expression in vitro. These results are consistent with the work of Medrano et al., who demonstrated that cholera toxin mRNA continues to increase linearly through 10 h of growth despite the disappearance of toxT after hour 5 (30) . Those authors proposed that ToxR is present constitutively but that it is able to bind to the promoter region of toxT only during the early stationary phase of growth, when it receives the proper signals to switch to the "on" conformation. There are at least three possible explanations for continued ctxAB transcription despite decreasing levels of toxT expression. The first is that ToxR directly binds to the ctxAB promoter, bypassing toxT. Direct activation of ctxAB by ToxR has been shown before (7), but Dirita et al. showed that ToxT was the primary activator of ctxAB in vitro (9) . Another possibility is that toxT is present at later time points mainly as part of a larger transcript of the tcpA operon, in which toxT resides, but that the oligonucleotide array did not detect this multigene transcript as efficiently. This possibility is supported by footprinting studies that have shown the toxT transcript attached to a tcpA-dependent message (6) . A third possibility is that ToxT activates a feed-forward loop that stimulates ctxAB expression, which after initiation no longer requires ToxT for further stimulation. Possible mediators of this feed-forward loop remain to be identified.
The overall dynamics of the gene expression profiles under AKI medium conditions showed oscillation of expression across multiple virulence operons beginning at 2 h 15 min and dampening by 4 h 20 min. Genes exhibiting this behavior include toxT, the ctxAB operon, most (but not all) members of the tcpA operon, acfC, acfD, tagD, and the Ccm2-related protein gene. The oscillatory behavior of nodes in a complex system has been well documented in eukaryotic and prokaryotic genetic networks (11, 26) and reflects the dynamic balance achieved between positive-and negative-feedback loops on downstream elements after perturbation (2) . In agreement with previous work on biologic networks, the timing of these oscillations is more precise than the amplitude (26, 32) . It has been posited that variations in amplitude are secondary to noise generated during protein production, a property inherent in all biochemical circuits (2) . Notably, the ctxA transcript showed variation in both the amplitudes and frequencies of its oscillations in AKI medium among three replicates (Fig. 2) . This behavior has been associated with negative-feedback loops containing multiple regulators, termed repressilators, which have been shown to be noisy with regard to both the timing and amplitude of oscillations (12) . Potential candidates for regulators are suggested through cluster analysis and are the targets of future investigation.
The CAGED algorithm clusters time series profiles together on the assumption that similarly shaped profiles are generated by genes involved in the same biological process. Though our results suggest five unique gene transcription profiles during growth in AKI medium, it is more likely that there is only one positive and one negative module. The existence of three different clusters all containing genes from the tcpA operon is likely the result of the same fundamental process being split up due to differing transcriptional dynamics and the message stability of the genes. We were unable to conclusively generate sets of genes that correspond to "early" and "late" regulators. This may be because our time intervals were too broad to capture the necessary changes in transcription at precise time intervals, or it may be that the sequence of gene activation seen in animal/human models of cholera is not fully replicated in vitro.
The primary significance of the cluster analysis is the inclusion, based on a systems biology approach to expression profiling, of potential new genes in the ToxR regulon which were not previously suggested to be related to the expression of virulence genes. The majority of these candidates, particularly the metabolic and transcription-related genes, may have similar expression profiles but not be related to virulence. An example is aldehyde dehydrogenase (aldA, VC0819), a recognized downstream target of ToxT that was included in cluster B. Although its presence in a cluster with other ToxT-regulated genes helps to validate our results, its broad role in metabolism may make unlikely the possibility that it also plays a major role in pathogenesis. Among the remaining genes, the presence of several ABC transporters, an ion transporter, and two signal transducers suggests an important role for processing of information about the environment; these represent better candidates for genes important in the pathogenic process. Their interactions with known members of the ToxR regulon, along with functional characterization of the 11 hypothetical genes in cluster A and four hypothetical genes in cluster B, are the subjects of future research.
This study is limited by the fact that it was performed in vitro. Work by Lee and colleagues has shown that the gene-regulatory relationships seen in the laboratory are not the same as those seen in natural infection, likely due to the absence of essential environmental signals from the gut (28) . Although our data show clear temporal activation of the ToxR regulon genes in AKI medium, the complex sequence of gene expression described in vivo was not as clearly present, for example, in the separation in time between expression of key regulators and expression of downstream effectors. There could be two reasons for this. The first is that a temporal resolution of 25 min between time points is not sufficiently fine to detect the changes. The second explanation is that the milieu of factors during growth in AKI medium does not fully capture the intestinal environment; this is more likely the case. Despite this, in vitro study of V. cholerae gene expression clearly still has relevance to clinical disease, as many experiments cannot be performed in animal models or directly in humans and thus require an alternative, albeit imperfect, surrogate.
A systems biology approach to identifying potential pathogenesis genes using time series microarrays is based on the principle that genes that show similar dynamic expression profiles as known virulence genes are likely to be related to the pathogenetic process. The ultimate goal is to build an accurate topology of the genetic network responsible for pathogenesis, thus allowing rational therapeutic and vaccine design. One of the disadvantages of this current approach, however, is illustrated by the fact that not all genes known to be parts of the same operon were upregulated to the same extent in the time series profiles. One possible explanation for this is that the oligonucleotides on the array specific to each gene in a multigenic operon may have differing affinities for binding the multigenic transcript and therefore give differing levels of up-or downregulated expression of genes in the same operon. For example, expression of ctxB was clearly not as significantly upregulated as ctxA, and some of the genes in the tcpA operon were less upregulated than others, including tcpA itself. In interpreting a time series profile of gene expression as in this paper, it may be more prudent to look at the overall expression of genes in an operon, rather than the expression of specific individual genes within each operon.
In this study, we analyzed the global gene expression profile of V. cholerae in vitro. By analyzing time-dependent profiles, we have gained insight into the mechanisms of information processing that are common to many different types of genetic networks of prokaryotes and eukaryotes. Our data show appropriate temporal expression of major virulence genes, suggesting that growth in AKI medium, coupled with a highresolution time series design, allows for the preliminary characterization of the dynamic interactions between known and newly identified genes that are associated with virulence. Further studies of these interactions in appropriate in vivo situations will contribute to our understanding of pathogenesis.
